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Seasonal variations in export of antibiotic resistance genes and bacteria in runoff 
from an agricultural watershed in Iowa 
Abstract 
Seasonal variations of antimicrobial resistance (AMR) indicators in runoff water can help improve our 
understanding of AMR sources and transport within an agricultural watershed. This study aimed to 
monitor multiple areas throughout the Black Hawk Lake (BHL) watershed (5324 ha) in central Iowa during 
2017 and 2018 that consists of both swine and cattle feeding operations as well as known areas with 
manure application. The measured indicators included plate counts for fecal indicator bacteria (FIB) E. 
coli, Enterococcus, antibiotic resistant fecal indicator bacteria (ARBs) tylosin resistant Enterococcus, 
tetracycline resistant Enterococcus, and antibiotic resistance genes (ARGs): ermB, ermF (macrolide), tetA, 
tetM, tetO, tetW (tetracycline), sul1, sul2 (sulfonamide), aadA2 (aminoglycoside), vgaA, and vgaB 
(pleuromutilin). Both the plate count and the ARG analyses showed seasonal trends. Plate counts were 
significantly greater during the growing season, while the ARGs were greater in the pre-planting and post-
harvest seasons (Wilcoxon Rank-Sum Test p < 0.05). The ermB gene concentration was significantly 
correlated (p < 0.05) with E. coli and Enterococcus concentrations in 2017, suggesting a potential use of 
this ARG as an indicator of environmental AMR and human health risk. Flow rate was not a significant 
contributor to annual variations in bacteria and AMR indicators. Based on observed seasonal patterns, we 
concluded that manure application was the likely contributor to elevated ARG indicators observed in the 
BHL watershed, while the driver of elevated ARB indictors in the growing season can only be speculated. 
Understanding AMR export patterns in agricultural watersheds provides public health officials knowledge 
of seasonal periods of higher AMR load to recreational waters. 
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Abstract 
Seasonal variations of antimicrobial resistance (AMR) indicators in runoff water can help improve our 
understanding of AMR sources and transport within an agricultural watershed. This study aimed to 
monitor multiple areas throughout the Black Hawk Lake (BHL) watershed (5,324 ha) in central Iowa 
during 2017 and 2018 that consists of both swine and cattle feeding operations as well as known areas 
with manure application. The measured indicators included plate counts for fecal indicator bacteria (FIB) 
E. coli, Enterococcus, antibiotic resistant fecal indicator bacteria (ARBs) tylosin resistant Enterococcus, 
tetracycline resistant Enterococcus, and antibiotic resistance genes (ARGs): ermB, ermF (macrolide), 
tetA, tetM, tetO, tetW (tetracycline), sul1, sul2 (sulfonamide), aadA2 (aminoglycoside), vgaA, and vgaB 
(pleuromutilin). Both the plate count and the ARG analyses showed seasonal trends. Plate counts were 
significantly greater during the growing season, while the ARGs were greater in the pre-planting and 
post-harvest seasons (Wilcoxon Rank-Sum Test p<0.05). The ermB gene concentration was significantly 
correlated (p<0.05) with E. coli and Enterococcus concentrations in 2017, suggesting a potential use of 
this ARG as an indicator of environmental AMR and human health risk. Flow rate was not a significant 
contributor to annual variations in bacteria and AMR indicators. Based on observed seasonal patterns, 
we concluded that manure application was the likely contributor to elevated ARG indicators observed in 
the BHL watershed, while the driver of elevated ARB indictors in the growing season can only be 
speculated. Understanding AMR export patterns in agricultural watersheds provides public health 













Transmission of anti-microbial resistance (AMR) through the agricultural landscape is becoming 
an increasing concern due to the combined threat of elevated public health risk and decreasing 
antibiotic effectiveness. Antibiotic resistance is considered a global threat to public health in human 
healthcare, and the same urgency must be applied to AMR in agricultural systems where antibiotics are 
commonly used. Antibiotics are administered to livestock in animal feeding operations (AFOs) for the 
control, prevention, and treatment of disease for animal well-being (Lipsitch et al., 2002). However, it is 
estimated that as much as 75% of administered antibiotics remain unmetabolized after the digestive 
process and are subsequently excreted into manure holding pits (Mackie et al., 2006). Manure contains 
high concentrations of bacteria (Unc and Goss, 2004), and several studies have documented the 
ubiquitous presence of AMR in manure (Binh et al., 2010; Cotta et al., 2003; Peak et al., 2007) in addition 
to the persistence of AMR in manure amended soils (Muurinen et al., 2017; Sandberg and LaPara, 2016; 
Zhang et al., 2017). Therefore, croplands applied with manure from antibiotic treated and non-treated 
livestock (Udikovic-Kolic et al., 2014) can become reservoirs of resistance (Forsberg et al., 2012). 
Three major periods of interaction between antibiotics and bacteria are first in the animal gut, 
second in manure storage pits/lagoons, and finally in the soil where manure is applied. Manure is 
applied to soil in cropland systems as fertilizer and as an organic supplement in the spring typically 
before planting when soil temperature exceeds 10°C and in the fall after harvest when soil temperatures 
fall below 10°C and before soil freezing (Bowen et al., 2017; Khaleel et al., 1981). Exposure to 
subtherapeutic levels of antibiotics will increase the potential for AMR to develop through spontaneous 
mutations or spread through conjugation between cells, thus can potentially lead to a reservoir of AMR 
in the agricultural landscape (Heuer et al., 2011; Lupo et al., 2012). Manure application is not the only 
source of bacteria in the environment, but more generally, pathogens have been known to move 












septic systems in rural towns (Jamieson et al., 2003; West et al., 2011). Fecal Indicator Bacteria (FIB) 
impairments of waterbodies are already an issue in much of the United States 
(https://www.epa.gov/tmdl/impaired-waters-and-tmdls-program-your-epa-region-state-or-tribal-land) 
and are especially problematic where the landscape is predominantly manure amended agricultural land 
(Harmel et al., 2010; Pandey et al., 2018; Wittman et al., 2013). 
Bacteria and associated AMR constituents in soil can be transported through overland flow 
pathways after runoff events, resulting in AMR risks in downstream waterbodies (Collins et al., 2005; 
Tomer et al., 2008). However, the export of water from agricultural systems in the upper American 
Midwest is greatly influenced by tile-drainage infrastructure utilized to facilitate water infiltration 
through soil, allowing access for heavy machinery, and to better improve soil aeration for ideal crop 
growth. Tile-drainage has been shown in previous studies to be a preferred pathway of AMR from soil to 
downstream catchments (Luby et al., 2016; Rieke et al., 2018). The export of AMR through flow 
pathways to downstream waterbodies creates a risk to human health where there are increased 
opportunities for skin contact or ingestion of potentially resistant and pathogenic bacteria that may 
cause untreatable infections. 
Identifying seasonal patterns is important in understanding the primary drivers of AMR in the 
environment (Xiang et al., 2018). An observation of seasonal patterns with AMR indicators would 
provide evidence of seasonal practice influences, such as manure application. The absence of seasonal 
patterns may indicate a continuous background source of AMR in the environment such as a buildup in 
the soil through infiltration creating a constant supply to downstream water. Few studies have 
measured AMR indicators in runoff waters from watersheds dominated by agriculture, and even so, the 
assessment of ARGs (antibiotic resistance genes) or ARBs (antibiotic resistant bacteria) has been limited 
(Knapp et al., 2010; Rieke et al., 2018; Uyaguari-Díaz et al., 2018). Moreover, many watershed scale 












factors that compromise the assumed homogeneity in the watershed. Thus, small-scale watershed 
monitoring is preferred in order to reduce the effects of these confounding factors. Accordingly, 
knowledge of AMR variability with seasonality will assist in identifying critical periods of highest risk of 
ARG and ARB transport and to further understand AMR levels in agriculture and the potential risks to 
human health. Our previous study within the watershed on individual catchments documented 
significantly higher AMR indicators where manure is applied (Neher et al., 2020). The results lead to the 
present study which expands monitoring in the entire watershed to identify seasonal variations in 
phenotypic and genotypic AMR indicators. We hypothesized that we would observe higher AMR 
indicators in the pre-planting (March-May) and post-harvest (September-December) seasons than in the 
summer growing season (June-August) because of typical manure application timing. 
2. Materials and methods 
2.1 Study design 
 The Black Hawk Lake (BHL) watershed description, site locations, and sampling methods can be 
found in our previous work (Brendel et al., 2019; Neher et al., 2020). Briefly, the sampling locations 
include three surface water locations (S15, S12, and S11) and two tile outlets (T8 and T12) (Figure 1). 
The naming convention denotes “S” as a surface outlet and “T” as a tile outlet followed by the 
subwatershed of which the outlet drains. The T12 and S12 outlets drain the same subwatershed and so 
the flow pathways were subsequently combined to achieve a total flow from the subwatershed named 
ST12. Subsequent analyses used flow weighted data from ST12 except the linear regression analysis 
which used the individual sites S12 and T12 independently. Two additional drainage tiles north of the 
lake, 490 (42°18'15.3"N 95°01'07.0"W) and Marina (42°18'20.3"N 95°00'48.4"W) were added for the 
seasonality study in addition to a sampling location on the main tributary close to the inlet of the lake, 












flow from all subwatersheds upstream, excluding effluent from T8. The three added sampling sites were 
accessed via public roadsides. 
 This study was designed to evaluate seasonal trends of AMR indicators, with the understanding 
from previous studies that manure application timing and precipitation can be key influencers of AMR in 
the environment. Therefore, we included both phenotypic and genotypic indicators of AMR in runoff 
water for a variety of AMR indicators. The phenotypic analysis included E. coli and Enterococcus (ENT) 
and tetracycline (ENT+TET) and tylosin (ENT+TYL) resistant Enterococcus. Tetracycline and tylosin 
antibiotics were chosen because they are both used in animal medicine and are classes of antibiotics 
that are medically important to humans. Tetracyclines are used to treat numerous bacterial infections in 
humans (Chopra et al., 1992), and tylosin, a macrolide, shares cross-resistance with other clinically 
important macrolides such as erythromycin, is used to treat skin and respiratory tract infections in 
humans (Fohner et al., 2017). The genotypic analysis allows for testing of a wide range of ARGs that 
encode specific AMR mechanisms from different antibiotics commonly used in AFOs. The targeted ARGs 
chosen for this study were ermB, ermF (macrolide), tetA, tetM, tetO, tetW (tetracycline), sul1, sul2 
(sulfonamide), aadA2 (aminoglycoside), vgaA, and vgaB (pleuromutilin). The erm and tet gene targets 
are associated with resistance to the antibiotics analyzed for in the phenotypic method, tylosin and 
tetracycline, respectively. The sul, aadA2, and vga gene targets are associated with antibiotic classes 
used in veterinary health. 
2.2 Flow measurements 
 Flow measurements were taken during sample collection at each site. Sites T8, S11, and T12 
were equipped with ISCO model 750 Area Velocity Module and site S12 with an ISCO Model 720 
Submerged Probe Module programmed to calculate discharge based on a control structure specific to 












in Dobriyal et al. (2017). Flow measurements were taken at tile-drained sites by measuring the length of 
time required to fill a known volume. A Model 2100 Current Velocity Meter (Swoffer Instruments, Inc.) 
was used beginning in March 2018 to measure velocity for the manual flow measurements at each site. 
Flow from site BHL-5 was estimated by assuming a rectangular channel bottom measuring the velocity, 
depth from the middle, and cross-sectional length. 
 Not all sampling locations were flowing throughout the entire two year study. Therefore, 
sampling locations had differing final counts of samples collected. The total number of independent 
samples collected at each site are as follows (2017 and 2018, respectively): S15 (19, 33); ST12 (15, 33); 
S11 (16, 33); T8 (20, 33); 490 (14, 32); Marina (11, 29); BHL-5 (0, 28). 
2.3 Phenotypic and genotypic analyses 
 Specification on the phenotypic and genotypic analyses, specific primers used, and limits of 
quantification (LOQ) can be found in our previously published work (Neher et al., 2020). In short, 
phenotypic analyses included selective plate count enumeration of E. coli (mTEC agar), ENT 
(mEnterococcus agar), ENT+TYL (mEnterococcus agar with 16 mg/L tetracycline) and ENT+TET 
(mEnterococcus agar with 35 mg/L tylosin) as descried by APHA (1998). Tetracycline and Tylosin agar 
plates had a final concentration of 16 mg/L and 35 mg/L, respectively of active antibiotic. Genotypic 
analyses included DNA extraction and qPCR analysis. The DNA was extracted using the MagAttract 
PowerWater DNA/RNA Kit (Qiagen, USA) and Eppendorf epMotion 5075 standard protocols. The qPCR 
analysis was completed with four runs on the Takara (previously Wafergen) SmartChip Realtime PCR 
System (Wafergen Inc. USA). Four genes were run with standard curves that were used to calculate 
absolute abundance (genes/100mL) each with a unique LOQ determined by the lowest quantified 
dilution on the linear portion of the standard curve. These genes were 16S-rRNA, ermB, ermF, and tetM. 












relative abundance analysis with a chosen cutoff threshold cycle of 28 (ct<28) as the LOQ (Neher et al., 
2020). These ARGs were tetA, tetO, tetW, sul1, sul2, aadA2, vgaA, and vgaB. 
2.4 Statistical analysis 
 The software JMP Pro 14 version 14.1.0. was used for all statistical analyses. The non-parametric 
Wilcoxon Rank-Sum Test was used to test for significant differences among annual seasonality based on 
the sample median. Resulting p-values < 0.05 between two tested groups were classified as significantly 
different (a = 0.05). Each parameter from all sites (S11, T8, ST12, S15, 490, Marina, and BHL-5(only 2018 
data)) were divided into three seasonality groups and tested for significant differences per sampling 
year. The parameters used to identify seasonality trends were phenotypic plate counts (CFU/100mL), 
gene quantification (copies/100mL), and relative abundance (unitless). The plate count seasonality 
trends were investigated for ENT, E. coli, ENT+TET and ENT+TYL plate counts. The gene quantification 
used the four genes with associated standard curves (16S-rRNA, ermB, ermF, tetM) and tested for 
significant differences in seasonality individually. Finally, the relative abundance of ARGs (ermB, ermF, 
tetM, tetA, tetO, tetW, sul1, sul2, aadA2) for each sampling year were grouped by season and analyzed 
for significant differences among seasons within each year. 
 The plates resulting in TNTC (above 250 colonies) were included in the statistical analysis of the 
Wilcoxon Rank-Sum Test for the seasonality comparisons. Because of the ranking system of the test, the 
measurements represent a sample consisting of high bacterial concentration that should not be ignored. 
The surface and tile-drainage flow pathways at ST12 were analyzed separately and results were 
combined into a flow-weighted concentration by individually multiplying each concentration by its 
respective flow, then summing these products and dividing by the combined total flow. 
 Knowing that manure is generally applied before planting and after crop harvest, the three 












(September-December). The selection of the three groups is to ensure the pre-planting and post-harvest 
time-periods would bracket manure application practices and the growing season would not.  Sampling 
years 2017 and 2018 were analyzed separately. All data below the LOQ were assigned a value of zero 
and included in statistical analyses unless otherwise stated. 
 Flow relationships were determined using the Pearson R correlation coefficient on log-log 
transformed flow and parameter data at individual sites and years. The test statistic (p) less than 0.05 
indicated there was a correlation between the flow and the specified parameter. The flow for site ST12 
was divided into its individual surface and tile components and analyzed separately. The student’s t-test 
was used to test for statistical differences among the log transformed seasonal flow within years and 
between the log transformed annual flow from 2017 and 2018 (p<0.05). Additionally, log-log correlation 
matrices were generated between FIB (CFU 100mL-1) versus ARGs (Copies 100mL-1) and co-correlations 
between relative abundances of each ARG. Significant correlations report a p<0.05. 
3. Results 
3.1 Total and Resistant Fecal Indicator Bacteria 
 Table 1 reports the sample numbers by season and year. During 2017, 126 samples were 
collected from May through December. This total accounts for 12 samples collected during pre-planting, 
25 during the growing season, and 52 during post-harvest. A total of 220 samples were collected in 2018 
from March through November. A total of 52 samples were collected during pre-planting, 84 samples 
during the growing season, and 84 samples during post-harvest. ENT and E. coli bacteria were detected 
in all 2017 samples and in all samples in the growing season of 2018. ENT and E. coli were each detected 
94.2% in the pre-planting season of 2018. ENT was detected 100% and E. coli 96.4% in the post-harvest 
season. The average ENT detected in the pre-planting, growing, and post-harvest were 92, 1,227, and 












concentrations in the growing and post-harvest seasons were significantly higher (p=0.0042 and 
p=0.0149) than the pre-planting season in 2017. ENT concentrations in 2018 were significantly different 
among all three seasons (P<0.0001) with the growing season observed as the highest, followed by post-
harvest and pre-planting. E. coli concentrations in the growing (p=0.0100) and post-harvest (p=0.0019) 
seasons were both significantly greater than the pre-planting season in 2017 and all three groups were 
significantly different to each other in 2018 with the growing season greatest followed by post-harvest 
and pre-planting. 
 Antimicrobial resistant fecal indicator bacteria ENT+TET and ENT+TYL were detected at all sites 
within the studied watershed (Table 1). The highest average concentrations of ENT+TET were observed 
in the growing season for each year, 73 CFU 100mL-1 in 2017 and 71 CFU 100mL-1 in 2018. The growing 
season also had the highest ENT+TYL with an average concentration of 26 CFU 100mL-1 in 2017 and 17 
CFU 100mL-1 in 2018. The detection frequency of ENT+TYL and ENT+TET was overall higher in both the 
growing and post-harvest seasons than the pre-planting season in both years. Statistical comparisons of 
the concentrations of resistant bacteria showed that the growing (p=0.0032) and the post-harvest 
(p=0.0086) seasons had significantly higher concentrations of ENT+TET than in the pre-planting season 
in 2017, while in 2018 all three seasons had significantly different concentrations to each other with the 
growing season as the highest followed by post-harvest and pre-planting (p<0.0001) (Figure 2). The 
ENT+TYL were detected at all sites in the BHL watershed, but ENT+TET was detected more frequently 
(Table 1). There were no differences in concentrations of ENT+TYL among seasons in 2017, but in 2018 
the concentrations of ENT+TYL in the growing season was significantly greater than the concentrations 
in both pre-planting (p<0.0001) and post-harvest (p<0.0001) seasons. 












 Table 2 summarizes the gene copy detection frequencies, averaged values above the limit of 
quantification (LOQ), and number of samples collected for each season and year. The 16S-rRNA gene 
was above the LOQ in 99% of the total water samples collected in 2017 and 67% in 2018. The ermB and 
tetM genes were detected at similar frequencies in water samples ranging from 10.7% to 26.9% 
detection and observed the highest detection frequencies primarily in the pre-planting and post-harvest 
seasons. Although, tetM was detected at relatively similar frequencies in the growing season for both 
years; 12.0% in 2017 and 21.2% in 2018. The ermF gene was detected the least often across all years and 
seasons ranging from 0% to 7.7%.  
The average 16S-rRNA gene copies ranged from 1.8x106 to 7.9x106 and were lowest during the 
post-harvest season in both years and highest in the pre-planting in 2017 and growing season in 2018 
(Table 2). Based on the Wilcoxon Rank-Sum Test, there were no significant differences among seasonal 
concentrations of 16S-rRNA in 2017. In 2018, the 16S-rRNA had significant differences in copies 100mL-1 
among the seasons with the pre-planting (p<0.0001) and growing (p<0.0001) seasons both had 
significantly higher 16S-rRNA gene copies 100-1 mL than post-harvest samples. 
 The quantified gene copy concentrations from 2017 and 2018 are shown in a time-series plot in 
Figure 3. The ermB average gene copy concentrations above LOQ ranged from 969 copies/100 mL-1 (pre-
planting 2017) to 4,896 (pre-planting 2018). The Wilcoxon Rank-Sum Test for individual years based on 
seasons showed that ermB concentrations were significantly higher in the post-harvest season 2017 
than in the growing season 2017 (p=0.0195) and the pre-planting season had significantly greater ermB 
concentrations than in the growing season 2018 (p=0.0135). The ermF gene concentrations were below 
the LOQ in 99% of all samples from 2017 and 96% below LOQ in 2018 samples. Averages above the LOQ 
for ermF concentrations ranged from 61 copies 100mL-1 (post-harvest 2017) to 5,973 copies 100mL-1 
(post-harvest 2018). The Wilcoxon Rank-Sum Test showed no significant differences of ermF 












the three ARGs measured, typically an order of magnitude higher in 2018. Average concentrations above 
LOQ ranged from 3,513 copies/100 mL-1 (growing 2017) to 24,775 (post-harvest 2018). The median gene 
copies of tetM showed no significant differences among seasons based on the Wilcoxon Rank-Sum Test 
(Figure 3). 
3.3 Relative abundance 
 Antibiotic resistance genes (ARGs) were detected during each season throughout the year 
(Supplemental Figure 1). The sulfonamide antibiotic family had the highest detection frequency ranging 
from 61.9% detection in the 2017 pre-planting season and 16.7% (sul1) and 14.3% (sul2) in the 2018 
post-harvest season. The tetracycline antibiotic resistance genes (tet) were detected in relatively high 
quantities as well. The tetW was the most frequently detected tetracycline associated ARG followed by 
tetM, tetO, and tetA. The macrolide associated resistance genes were detected less frequently than the 
tetracyclines and sulfonamide associated ARGs. The ARG ermF was rarely above the LOQ in 2017 with 
the highest detection in the post-harvest season, and was not detected above the LOQ in 2018. The 
aminoglycoside associated ARG, aadA2, was above the LOQ at around 10% most of both years, but 
showed a large absence in the growing seasons of 2017 with 0.5% detection above the LOQ. The 
antibiotic resistance genes associated with pleuromutilin resistance, vgaA and vgaB, were largely below 
the LOQ, only vgaA was detected in the pre-planting (3.8%) and growing (1.2%) seasons of 2018 at very 
low detection frequencies. 
 Seasonal trends were observed in the ARG relative abundance data (Figure 4). Each ARG relative 
abundance data point from all sampling sites were grouped by season and tested for significant 
difference among each seasonal group within year using the Wilcoxon Rank-Sum Test. The Wilcoxon 
Rank-Sum Test for the ARG relative abundance in 2017 showed the pre-planting (p=0.0099) and post-












pre-planting seasons were significantly greater than both the post-harvest (p=0.0002) and the growing 
seasons (p=0.0220). The tetracycline associated ARGs had relatively lower average relative abundance 
values with ranges between 2.9x10-5 (growing 2018) to 3.5x10-4 (post-harvest 2017) for ARGs tetM, tetA, 
and tetO. However, the tetW gene average relative abundance was consistently an order of magnitude 
or higher, ranging from 4.1x10-4 (pre-planting 2017) to 2.7x10-3 (post-harvest 2017). The sulfonamide 
ARGs were detected at some of the highest magnitudes in the watershed with the max sul1 and sul2 in 
the post-harvest of 2017 at 3.1x10-3 and 1.3x10-3, respectively. 
3.4 Annual Flow Rates and Flow Correlations 
 The total annual flow from 2018 was significantly greater than 2017 (Student’s t-test on log 
transformed flow data p<0.05, Supplemental Table 2). A summary of the flows for each site, season, and 
year are shown in the supplemental material Table 2. The combined flow site ST12 was reported as its 
individual components and reported as surface flow (S12) and tile flow (T12).  Site location T8 had the 
highest maximum and average flow rate in 2017; 323.9 L/s and 66.8 L/s, respectively and site location 
S15 had the highest in 2018; 661.8 L/s and 128.9 L/s, respectively. The BHL-5 site on the main stream 
segment had average flow rates of 992.0 L/s and a maximum of 3,265.8 L/s. Sites Marina and 490 had 
much less flow compared to the other sites within the watershed with an average flow rate of 0.26 L/s 
at Marina and 0.11 at 490 in 2017. Similar flow patterns were observed in 2018, but with elevated 
averages indicating a wetter year in 2018 than in 2017. 
 We observed only a handful of parameters that were significantly correlated with flow rate 
(Table 3). In 2017, we observed a significant positive correlation between flow and 16S-rRNA at site S12, 
and a negative correlation between flow and 16S-rRNA at site Marina. In 2018, we observed a greater 
number of parameters significantly correlated with flow rate. The ENT was positively correlated with 












correlations between flow rate and tetracycline resistant ENT. The tile outlet site T12 had positive 
correlations between flow rate and ENT, flow rate and E. coli, and flow and 16S-rRNA. At the main 
stream site, BHL-5, we observed a significant negative correlation between flow rate and tetM. 
4. Discussion 
 Our previous work in the BHL watershed compared subwatershed outlet water from catchments 
with differences in manure application and urban influences concluding that manured catchments 
showed higher AMR indicators than catchments without known manure application (Neher et al., 2020). 
From this, additional sampling sites were added to analyze for seasonal trends of AMR indicators in the 
entire watershed. The ENT, E. coli, and 16S-rRNA bacteria gene concentrations followed similar seasonal 
trends within the two-year study with the highest observed concentrations during the growing season. 
This result aligns with the work by Tomer et al. (2008) who measured E. coli in the South Fork 
Watershed in central Iowa, an area consisting of a high density of AFOs and observed that the summer 
season in each of the three tributaries monitored contributed the highest geometric means to the 
watershed outlet. The results of the current study provide supporting evidence of higher bacteria 
activity during summer months compared to early and late season months, possibly due to increased 
wildlife activity and favorable growth temperatures for bacteria (Badgley et al., 2019). The resistant FIB 
indicators for tetracycline and tylosin followed similar trends and were positively correlated with the FIB 
and 16S-rRNA bacteria concentrations (Figure 5). Conversely to the FIB results, the ARG indicators 
followed a different overall seasonal trend. As the FIB and resistant FIB concentrations of ENT+TET and 
ENT+TYL were highest during the growing season (June-August), the ARG indicators were primarily 
higher in the pre-planting (March-May) and post-harvest (September-December) seasons. This 
dissimilarity between trends might be due to the differences between what the two indicators describe. 
Briefly, the FIB measures specifically ENT and E. coli currently growing, and which have the specific 












(Werner et al., 2013). This specificity substantially limits what is quantified, but is of importance for 
determining public health risk, primarily because FIB’s are associated with pathogenicity (EPA, 2012). 
Comparatively, the ARG method captures the overall genetic landscape potential. The genetic method 
quantifies all genes in bacteria and extracellular DNA. The two methods are complementary and should 
be used to answer questions on AMR persistence in the environment and epidemiologic importance. In 
this study, the ARG trends align with manure application practices, suggesting manure impacts, and the 
FIB indicators suggest the highest risk to the public is during the growing season, or summer months. 
 The correlation matrix in Figure 5 provides insights into the co-occurrence of FIB 100mL-1 
indicators and ARG 100mL-1 indicators ermB, ermF, and tetM. There were no significant annual 
correlations among tylosin associated indicators; ENT+TYL, ermF, and ermB, or between tetracycline 
associated indicators; ENT+TET and tetM. There appears to be a disconnection between the ARG subunit 
and the FIB ability to express the resistance function. Reasons for this observation could be because the 
tetM ARG is one of seven tet genes associated with Enterococcus resistance to tetracycline and may not 
have been favored over other resistance genes, as reflected in the high observance of ENT+TET 
concentrations (Schwarz et al., 2006). Alternatively, it is possible that the majority of tetM 
concentrations observed resided in other bacteria known to harbor tetM genes such as gram-positive 
Staphylococcus, Streptococcus, Bacillus, and gram-negative Enterobacteriaceae, Haemophilus, and 
Stenotrophomonas (Chopra and Roberts, 2001). The ermF gene was rarely detected and did not 
correlate with ENT or ENT+TYL, which is expected since ermF is mainly found in obligate anaerobic 
bacteria (Roberts et al., 1999), which is most likely not found in surface or tile water. We observed ermB 
concentrations significantly correlated with ENT, ENT+TET, and E. coli in 2017, and in 2018 ermB 
correlated with only 16S-rRNA concentrations. There are nearly forty identified erm genes, whereas 












fact that ermB was found to be significantly correlated with FIBs makes it a more reliable candidate gene 
to be used as an indicator of human health risk and as a marker of environmental AMR. 
 We compared our results with previous studies of similar watershed characteristics. The copies 
100 mL-1 of ARGs observed in this study followed similar temporal trends reported by Rieke et al. (2018 
in the South Fork Iowa River Watershed of central Iowa who reported significantly higher ermB copies 
100 mL-1 in surface water during the drainage (April-July) and the post-fall manure periods (Oct-Dec) 
than during the pre-fall manure period (July-Sep). Additionally, the concentrations of ermF in the South 
Fork study were observed highest in the drainage period (April-July) in both surface and tile outlets. The 
observed ermF in the present study were too low in quantifiable results to show any trends among 
seasons. Additionally, Keen et al. (2018) reported higher concentrations of tetO, tetM, tetQ, and tetW 
during the wet season (November-March) than the dry season (April-October) in stream waters in 
Canada, attributing manure application as the likely contributor. The similar temporal trends observed 
in ARG concentration export in agricultural runoff water suggests that pre-planting and post-harvest 
manure application practices may contribute to the accumulation of ARGs in soil and ultimately to 
waterways (Han et al., 2018; Nõlvak et al., 2016). 
 The total relative abundance results of this study showed in both years that the pre-planting 
season was significantly higher than the growing, and the post-harvest season was higher than the 
growing in 2017. This result suggests that certain factors are occurring during the pre-planting (March-
May) and post-harvest (September-December) months that increase the relative abundance of ARGs. 
The most likely driver of AMR in the pre-planting seasons is spring manure application. The ARGs sul1 
and tetW had the highest average relative abundances in both sampling years. Both of which are 
associated with antibiotics commonly used in agriculture. Based on the 2017 FDA summary report on 












macrolides (erm) and sulfa drugs (sul) (FDA, 2018). However, fewer sulfonamides were sold than 
macrolides. Because this study detected sul more frequently (Supplemental Table 1) and at a higher 
annual average relative abundance than erm (Figure 4), sul ARGs may be more likely to pervade and 
persist in the environment longer than erm ARGs. It is also within reason that observing higher 
tetracycline and sulfas than tylosin resistance indicators in the BHL watershed may be tied to the types 
of AFOs within the watershed (ten swine confinements and six cattle lots) and the differences among 
the types of antibiotics administered to livestock (Peak et al., 2007; West et al., 2011). The lack of 
knowledge of what types of antibiotics were administered at local AFOs makes it challenging to know 
the reasons for observing substantial differences in sul and erm genes. Correlation analysis of the ARG 
relative abundance shows many significant correlations between ARGs (Figure 6). The sul1 and ermB 
genes were significantly correlated together. However, sul1 and sul2 were highly correlated with aadA2, 
and each tet gene in this study. The sulfonamide resistance is known to persist in the environment and 
was shown to persist in aquatic environments (Gao et al., 2012). Sulfa drugs are classified as medically 
important by the Veterinary Feed Directive and should be further studied to investigate the effects of 
seasonal manure application practices on downstream sul gene concentrations. Other notable 
correlations exist between ermB and tetM in 2017, which are known to be linked (Clewell et al., 1995). 
Observing correlations between ARGs in a watershed with manure application practices provides 
evidence that suggests manure contains a wide range of ARGs that become elevated around the same 
time, again suggesting manure impact. 
 Flow is a seasonal factor that can be useful in predicting concentrations of AMR indicators when 
the relationships are well known (Baxter-Potter and Gilliland, 1988). The flow was not combined into tile 
or surface groups because the flow was significantly different within groups, so flow was analyzed for 
each separate site for each year. There were no notable correlations with flow in 2017, but there were 












and ENT had a significant positive correlation at surface site S15. Fecal indicator bacteria have been 
shown in past studies to be correlated with flow and precipitation (Edwards et al., 1997). The 
tetracycline resistant ENT showed significant positive correlation at tile site T8 and surface site S15. This 
result suggests that ENT+TET concentrations increase during wet years. Keen et al. (2018) observed 
similar findings, though observed the relationship of wet periods with tet specific ARGs; tetO, tetM, 
tetQ, tetW. However, the tetM ARG in our study was found to have a significant negative correlation 
with flow at the main stream segment site BHL-5 (Table 3). This may be because the BHL-5 location is a 
much larger stream than any of the other sites in the study and may reflect the behavior of ARG 
concentrations in larger stream systems that have higher rates of settling and more dynamic biological 
processes. 
 Furthermore, the scale of the current study is important because this scale is relatively small 
compared to most watershed studies on AMR in agriculture. Plot scale studies on seasonality lack the 
variability intrinsic to watershed scale studies. Moreover, large scale watershed studies can have 
extensive variability in antibiotic usage where adjacent fields may receive manure composed of a mix of 
antibiotics and associated ARGs (Hou et al., 2015; Mu et al., 2015). At the catchment scale, we can 
assess seasonal variations based on land-use practices like manure application as well as flow 
relationships. Because we did not detect strong relationships between flow and AMR indicators, we 
have more confidence in attributing AMR factors to manure application. Other factors at the watershed 
scale that limit our interpretation of results are the uncertainty in manure application extent, a lack of 
documented history of manure application (Rahman et al., 2018; Xie et al., 2018) and a knowledge gap 
of the extent of ARG mobility in soil to connecting waterways (Huang et al., 2019). Variations in 
watershed size, urban populations, quantities, and types of AFOs all influence the reported AMR and 
bacteria levels in a study. The breadth in variations of influencing factors innate in environmental 












accurate observations to help further understand the actual state of AMR in agriculture and to identify 
seasonal factors that create a risk to public health (Thanner et al., 2016). 
5. Conclusions 
 We observed significant seasonal differences in AMR indicators in surface and tile drainage in an 
agriculturally dominated small-scale watershed. Plate counts of FIB and resistant FIB detection were 
highest in the growing season, and the ARG detection was significantly higher during the pre-planting 
and post-harvest, suggesting manure influence as the primary source of AMR in this watershed. 
Although the FIB and ARG methods have specific limitations, both should be used complementarily to 
answer questions about the persistence of AMR in the environment and the risk to human health. The 
pre-planting season had the highest ARG concentrations, which may suggest that early spring manure 
application may contribute the highest risk to the spread of AMR. The water flow did not correlate with 
AMR indicator concentrations and therefore implies that manure application played the primary role in 
observing seasonal AMR fluctuations in the BHL watershed. 
  
Acknowledgments 
This study was funded by the USDA National Institute of Food and Agriculture (No. 2018-67017-27629) 
and by the Agriculture and Food Research Initiative food safety grant (No. 2016-68003-24604). We 
thank T.J. Lynn, Leigh Ann Long, Jaejin Lee, Jinlyung Choi, and Ji Yeow Law for guidance and assistance in 
lab analyses and field work. 
References 
Badgley BD, Steele MK, Cappellin C, Burger J, Jian J, Neher TP, Orentas M, Wagner R. Fecal indicator 
dynamics at the watershed scale: Variable relationships with land use, season, and water 












Baxter-Potter WR, Gilliland MW. Bacterial Pollution in Runoff from Agricultural Lands. Journal of 
Environmental Quality 1988; 17: 27-34. 
Binh CTT, Heuer H, Gomes NCM, Kaupenjohann M, Smalla K. Similar bacterial community structure and 
high abundance of sulfonamide resistance genes in field-scale manures. In: S. DC, editor. 
Manure: Management, Uses and Environmental Impacts. Nova Science Publishers, Hauppauge, 
NY, 2010, pp. 141-166. 
Bowen Z, Hanqin T, Chaoqun L, Dangal SRS, Jia Y, Shufen P. Global manure nitrogen production and 
application in cropland during 1860–2014: a 5 arcmin gridded global dataset for Earth system 
modeling. Earth System Science Data 2017; 9: 667-678. 
Brendel CE, Soupir ML, Long LAM, Helmers MJ, Ikenberry CD, Kaleita AL. Catchment-scale Phosphorus 
Export through Surface and Drainage Pathways. Journal of Environmental Quality 2019; 48: 117-
126. 
Chopra I, Hawkey PM, Hinton M. Tetracyclines, molecular and clinical aspects. Journal of Antimicrobial 
Chemotherapy 1992; 29: 245-277. 
Chopra I, Roberts M. Tetracycline antibiotics: mode of action, applications, molecular biology, and 
epidemiology of bacterial resistance. Microbiology and molecular biology reviews : MMBR 2001; 
65: 232-260. 
Clewell DB, Flannagan SE, Jaworski DD, Clewell DB. Unconstrained bacterial promiscuity: the Tn916-
Tn1545 family of conjugative transposons. Trends in Microbiology 1995; 3: 229-236. 
Collins R, Elliott S, Adams R. Overland flow delivery of faecal bacteria to a headwater pastoral stream. 
Journal of Applied Microbiology 2005; 99: 126-132. 
Cotta MA, Whitehead TR, Zeltwanger RL. Isolation, characterization and comparison of bacteria from 
swine faeces and manure storage pits. Environmental Microbiology 2003; 5: 737-745. 
Dobriyal P, Badola R, Tuboi C, Hussain SA. A review of methods for monitoring streamflow for 
sustainable water resource management. Applied Water Science 2017; 7: 2617-2628. 
Edwards DR, Coyne MS, Daniel TC, Vendrell PF, Murdoch JF, Moore Jr PA. Indicator bacteria 
concentrations of two northwest Arkansas streams in relation to flow and season. Transactions 
of the ASAE 1997; 40: 103-109. 
EPA U. Recreational Water Quality Criteria, 2012. 
FDA. 2017 Summary Report on Antibiotic Sold or Distributed for Use in Food-Producing Animals, 2018. 
Fohner AE, Sparreboom A, Altman RB, Klein TE. PharmGKB summary: Macrolide antibiotic pathway, 
pharmacokinetics/pharmacodynamics. Pharmacogenetics and Genomics 2017; 27: 164-167. 
Forsberg KJ, Reyes A, Wang B, Selleck EM, Sommer MOA, Dantas G. The Shared Antibiotic Resistome of 
Soil Bacteria and Human Pathogens. Science 2012; 337: 1107. 
Gao P, Mao D, Luo Y, Wang L, Xu B, Xu L. Occurrence of sulfonamide and tetracycline-resistant bacteria 
and resistance genes in aquaculture environment. Water Research 2012; 46: 2355-2364. 
Han X-M, Hu H-W, Chen Q-L, Yang L-Y, Li H-L, Zhu Y-G, Li X-Z, Ma Y-B. Antibiotic resistance genes and 
associated bacterial communities in agricultural soils amended with different sources of animal 
manures. Soil Biology and Biochemistry 2018; 126: 91-102. 
Harmel RD, Karthikeyan R, Gentry T, Srinivasan R. Effects of Agricultural Management, Land Use, and 
Watershed Scale on E. coli Concentrations in Runoff and Streamflow. Transactions of the ASABE 
2010; 53: 1833-1841. 
Heuer H, Schmitt H, Smalla K. Antibiotic resistance gene spread due to manure application on 
agricultural fields. Current Opinion in Microbiology 2011; 14: 236-243. 
Hou J, Wan W, Mao D, Wang C, Mu Q, Qin S, Luo Y. Occurrence and distribution of sulfonamides, 
tetracyclines, quinolones, macrolides, and nitrofurans in livestock manure and amended soils of 












Huang L, Xu Y, Xu J, Ling J, Zheng L, Zhou X, Xie G. Dissemination of antibiotic resistance genes (ARGs) by 
rainfall on a cyclic economic breeding livestock farm. International Biodeterioration & 
Biodegradation 2019; 138: 114-121. 
Jamieson RC, Gordon RJ, Tattrie SC, Stratton GW. Sources and Persistence of Fecal Coliform Bacteria in a 
Rural Watershed. Water Quality Research Journal 2003; 38: 33-47. 
Keen PL, Knapp CW, Hall KJ, Graham DW. Seasonal dynamics of tetracycline resistance gene transport in 
the Sumas River agricultural watershed of British Columbia, Canada. Science of The Total 
Environment 2018; 628-629: 490-498. 
Khaleel R, Reddy KR, Overcash MR. Changes in Soil Physical Properties Due to Organic Waste 
Applications: A Review1. Journal of Environmental Quality 1981; 10: 133-141. 
Knapp CW, Dolfing J, Ehlert PAI, Graham DW. Evidence of Increasing Antibiotic Resistance Gene 
Abundances in Archived Soils since 1940. Environmental Science & Technology 2010; 44: 580-
587. 
Lipsitch M, Singer RS, Levin BR. Antibiotics in agriculture: When is it time to close the barn door? 
Proceedings of the National Academy of Sciences 2002; 99: 5752-5754. 
Luby EM, Moorman TB, Soupir ML. Fate and transport of tylosin-resistant bacteria and macrolide 
resistance genes in artificially drained agricultural fields receiving swine manure. Science of The 
Total Environment 2016; 550: 1126-1133. 
Lupo A, Coyne S, Berendonk T. Origin and Evolution of Antibiotic Resistance: The Common Mechanisms 
of Emergence and Spread in Water Bodies. Frontiers in Microbiology 2012; 3. 
Mackie RI, Koike S, Krapac I, Chee-Sanford J, Maxwell S, Aminov RI. Tetracycline Residues and 
Tetracycline Resistance Genes in Groundwater Impacted by Swine Production Facilities. Animal 
Biotechnology 2006; 17: 157-176. 
Mu Q, Li J, Sun Y, Mao D, Wang Q, Luo Y. Occurrence of sulfonamide-, tetracycline-, plasmid-mediated 
quinolone- and macrolide-resistance genes in livestock feedlots in Northern China. 
Environmental Science and Pollution Research 2015; 22: 6932-6940. 
Muurinen J, Stedtfeld R, Karkman A, Pärnänen K, Tiedje J, Virta M. Influence of Manure Application on 
the Environmental Resistome under Finnish Agricultural Practice with Restricted Antibiotic Use. 
Environmental Science & Technology 2017; 51: 5989-5999. 
Neher TP, Ma L, Moorman TB, Howe AC, Soupir ML. Catchment-scale export of antibiotic resistance 
genes and bacteria from an agricultural watershed in central Iowa. PLOS ONE 2020; 15: 
e0227136. 
Nõlvak H, Truu M, Kanger K, Tampere M, Espenberg M, Loit E, Raave H, Truu J. Inorganic and organic 
fertilizers impact the abundance and proportion of antibiotic resistance and integron-integrase 
genes in agricultural grassland soil. Science of the Total Environment 2016; 562: 678-689. 
Pandey P, Soupir ML, Wang Y, Cao W, Biswas S, Vaddella V, Atwill R, Merwade V, Pasternack G. Water 
and Sediment Microbial Quality of Mountain and Agricultural Streams. Journal of Environmental 
Quality 2018; 47: 985-996. 
Peak N, Knapp CW, Yang RK, Hanfelt MM, Smith MS, Aga DS, Graham DW. Abundance of six tetracycline 
resistance genes in wastewater lagoons at cattle feedlots with different antibiotic use strategies. 
Environmental Microbiology 2007; 9: 143-151. 
Rahman MM, Shan J, Yang P, Shang X, Xia Y, Yan X. Effects of long-term pig manure application on 
antibiotics, abundance of antibiotic resistance genes (ARGs), anammox and denitrification rates 
in paddy soils. Environmental Pollution 2018; 240: 368-377. 
Rieke EL, Moorman TB, Douglass EL, Soupir ML. Seasonal variation of macrolide resistance gene 













Roberts MC, Sutcliffe J, Courvalin P, Jensen LB, Rood J, Seppala H. Nomenclature for Macrolide and 
Macrolide-Lincosamide-Streptogramin B Resistance Determinants. Antimicrobial Agents and 
Chemotherapy 1999; 43: 2823. 
Sandberg KD, LaPara TM. The fate of antibiotic resistance genes and class 1 integrons following the 
application of swine and dairy manure to soils. FEMS Microbiology Ecology 2016; 92: fiw001-
fiw001. 
Schwarz S, Cloeckaert A, Roberts MC. Mechanisms and Spread of Bacterial Resistance to Antimicrobial 
Agents. In: Aarestrup FM, editor. Antimicrobial Resistance in Bacteria of Animal Origin. American 
Society of Microbiology, 2006, pp. 73-78. 
Thanner S, Drissner D, Walsh F. Antimicrobial Resistance in Agriculture. mBio 2016; 7: e02227-15. 
Tomer MD, Moorman TB, Rossi CG. Assessment of the Iowa River's South Fork watershed: Part 1. Water 
quality. Journal of Soil and Water Conservation 2008; 63: 360-370. 
Udikovic-Kolic N, Wichmann F, Broderick NA, Handelsman J. Bloom of resident antibiotic-resistant 
bacteria in soil following manure fertilization. Proceedings of the National Academy of Sciences 
2014; 111: 15202-15207. 
Unc A, Goss MJ. Transport of bacteria from manure and protection of water resources. Applied Soil 
Ecology 2004; 25: 1-18. 
Uyaguari-Díaz MI, Croxen MA, Luo Z, Cronin KI, Chan M, Baticados WN, Nesbitt MJ, Li S, Miller KM, 
Dooley D, Hsiao W, Isaac-Renton JL, Tang P, Prystajecky N. Human Activity Determines the 
Presence of Integron-Associated and Antibiotic Resistance Genes in Southwestern British 
Columbia. Frontiers in microbiology 2018; 9: 852-852. 
Werner G, Coque TM, Franz CMAP, Grohmann E, Hegstad K, Jensen L, van Schaik W, Weaver K. 
Antibiotic resistant enterococci—Tales of a drug resistance gene trafficker. International Journal 
of Medical Microbiology 2013; 303: 360-379. 
West BM, Liggit P, Clemans DL, Francoeur SN. Antibiotic Resistance, Gene Transfer, and Water Quality 
Patterns Observed in Waterways near CAFO Farms and Wastewater Treatment Facilities. Water, 
Air, & Soil Pollution 2011; 217: 473-489. 
Wittman J, Weckwerth A, Weiss C, Heyer S, Seibert J, Kuennen B, Ingels C, Seigley L, Larsen K, Enos-
Berlage J. Evaluation of land use and water quality in an agricultural watershed in the USA 
indicates multiple sources of bacterial impairment. Environmental Monitoring and Assessment 
2013; 185: 10395-10420. 
Xiang Q, Chen Q-L, Zhu D, An X-L, Yang X-R, Su J-Q, Qiao M, Zhu Y-G. Spatial and temporal distribution of 
antibiotic resistomes in a peri-urban area is associated significantly with anthropogenic 
activities. Environmental Pollution 2018; 235: 525-533. 
Xie W-Y, Yuan S-T, Xu M-G, Yang X-P, Shen Q-R, Zhang W-W, Su J-Q, Zhao F-J. Long-term effects of 
manure and chemical fertilizers on soil antibiotic resistome. Soil Biology and Biochemistry 2018; 
122: 111-119. 
Zhang Y-J, Hu H-W, Gou M, Wang J-T, Chen D, He J-Z. Temporal succession of soil antibiotic resistance 
genes following application of swine, cattle and poultry manures spiked with or without 














Table 1. Frequency of detection and average plate counts including non-detects for total Enterococcus 
(ENT), total E. coli (E. coli), tetracycline resistant Enterococcus (ENT+TET), and tylosin resistant 
Enterococcus (ENT+TYL) for each year and season. 
   




ENT E. coli ENT+TET ENT+TYL  ENT E. coli ENT+TET ENT+TYL 
2017 
Pre-planting 12 100 100 43 50  92 (B) 63 (B) 5 (B) 9 (A) 
Growing 25 100 100 100 88  1,227 (A) 505 (A) 73 (A) 26 (A) 
Post-harvest 52 100 100 98 71  2,485 (A) 3,512 (A) 34 (A) 9 (A) 
2018 
Pre-planting 52 94 94 65 35  82 (C) 97 (C) 4 (C) 0 (B) 
Growing 84 100 100 98 79  1,527 (A) 774 (A) 71 (A) 17 (A) 
Post-harvest 84 100 96 89 33  285 (B) 299 (B) 18 (B) 2 (B) 
a Number of samples analyzed. 
b Different letters indicate significant difference among seasons within year and parameter columns 
using the Wilcoxon Rank-Sum Test based on the sample median. 
 
Table 2. The frequency of detection (%) and averaged copies 100mL-1 above the limit of quantification 
(LOQ) for 16S-rRNA, ermB, ermF, and tetM for each year and season. 
   






16S-rRNA ermB ermF tetM  16S-rRNA ermB ermF tetM 
2017 
Pre-planting 19 100 15.8 0 15.8 








Growing 25 96.0 4.0 0 12.0 








Post-harvest 52 100 26.9 1.9 25.0 









Pre-planting 52 90.4 21.2 7.7 19.2 








Growing 85 69.4 7.1 3.5 21.2 



















Post-harvest 84 51.2 14.3 1.2 10.7 








a The number of samples analyzed. 
b Different letters indicate significant difference among seasons within year and parameter columns 
using the Wilcoxon Rank-Sum Test based on the sample median. 
 
Table 3. Annual flow rate correlation of log-log transformed Enterococcus (ENT), E. coli (E. coli), 
tetracycline resistant Enterococcus (ENT+TET), tylosin resistant Enterococcus (ENT+TYL), bacteria gene 
(16S-rRNA), erythromycin resistance gene (ermB), erythromycin resistance gene (ermF), and tetracycline 
resistance gene (tetM) at each site and for each year. 
2017 
Site ENT E. coli ENT+TET ENT+TYL 16S-rRNA ermB ermF tetM 
 
na Rb n R n R n R n R n R n R n R 
T8 17 -0.057 16 -0.117 15 0.034 14 0.018 17 0.063 5 -0.055 0 - 3 -0.008 
T12 15 0.003 14 -0.005 12 -0.127 3 -0.045 17 -0.008 0 - 0 - 1 - 
S12 13 0 12 -0.002 6 0.115 6 0.005 15 0.489* 0 - 0 - 0 - 
S11 13 -0.136 12 -0.128 12 -0.046 12 0.088 13 0.107 1 - 0 - 2 - 
S15 6 0.294 6 0.202 6 0.383 5 0 6 -0.112 4 0.881 0 - 2 - 
490 8 -0.439 8 -0.399 8 -0.274 6 -0.1 10 -0.005 - - 5 0.541 6 0.042 
Marina 10 0.014 9 -0.026 9 0.429 6 0.001 8 -0.737* - - - - - - 
BHL-5 - - - - - - - - - - - - - - - - 
2018 
Site ENT E. coli ENT+TET ENT+TYL 16S-rRNA ermB ermF tetM 
  n R n R n R n R n R n R n R n R 
T8 33 0.073 33 0.089 30 0.154* 25 -0.033 21 -0.003 1 - 1 - 10 0.053 
T12 33 0.191* 32 0.194* 24 0.119 7 0.263 21 0.210* 3 0.968 1 - 0 - 
S12 32 0 27 0.004 18 -0.064 11 0.008 24 -0.085 1 - 0 - 0 - 
S11 32 -0.018 32 -0.001 26 0 19 -0.085 18 0.091 3 0.446 2 - 6 -0.236 
S15 28 0.153* 29 0.103 27 0.170* 18 0.36 23 0.118 8 0.063 2 - 7 -0.305 
490 16 0 16 0.012 14 -0.013 4 0.154 12 0 - - - - 1 - 
Marina 26 -0.063 25 -0.078 20 -0.01 8 -0.437 16 0 1 - - - - - 
BHL-5 22 0.028 22 0.035 22 0.01 13 0.093 14 -0.018 6 0.239 0 - 6 -0.766* 
a The number of samples included in the linear regression, only data above the respective limit of 
quantification and associated with a measured flow were included. 
b The Pearson R correlation coefficient. 













Fig. 1. Map of the Black Hawk Lake watershed. Monitoring locations are marked by yellow stars. Brown 
areas indicate fields known to be applied with manure and beige areas indicate areas known to have 
past manure application. Triangles indicate beef/dairy feedlots and squares indicate swine 
confinements. 
 
Figure 2. Box-plots of tetracycline (ENT+TET) and tylosin (ENT+TYL) resistant Enterococcus grouped by 
season and year. The middle line on the box-plots represent the median while the upper quartile of the 
box represents the 75th-percentile and the lower quartile the 25th-percentile. The whiskers denote the 
range of the quartiles, and the 5th and 95th percentiles are marked as black dots. The letters above each 
plot represent significant differences based on the Wilcoxon Rank-Sum Test comparing the three 
seasons within individual years. Capital letters are associated with ENT+TET and lower case letters are 
associated with ENT+TYL. Differing letters indicate significant difference among seasons within each year 
(p<0.05). 
 
Figure 3. Time-series plots of quantified gene copy concentrations (copies 100mL-1) for ermB, ermF, and 
tetM from 2017 and 2018 at subwatershed sites S15, T8, S11, ST12, and BHL-5. Seasonal groups are 
marked by the vertical dashed lines. Values below LOQ were assigned a value of zero. Different letters 
indicate significant difference based on the Wilcoxon Rank-Sum Test (a=0.05). The sampling locations 
490 and Marina data are not shown, but are included in the statistical analysis. 
 
Figure 4. Seasonal variation of the average relative abundance for each ARG with error bars signifying 
standard deviations. Measurements below LOQ are assigned a value of zero and are included in the 
mean calculation and in the Wilcoxon Rank-Sum Test. The statistical analysis groups each ARG data 
point from all sampling stations by season. These seasonal groups of data were tested for significant 
differences among each other within year denoted by the letters above each group. Differing letters 
indicate significant difference with “A” being higher than “B”. 2017 and 2018 statistical analyses exclude 
genes vgaA and vgaB, and 2018 additionally excludes ermF. 
 
Figure 5. Correlation matrix of log transformed fecal indicator bacteria 100mL-1 and antibiotic resistance 
genes 100mL-1 for 2017 (bottom-left diagonal) and 2018 (upper-right diagonal). Significant correlations 
have a p<0.05 indicated by red for 2017 and blue for 2018. 
 
Figure 6. Correlation matrix of log transformed relative abundance of each ARG measured for 2017 
(bottom-left diagonal) and 2018 (upper-right diagonal), excludes non-detected ermF, vgaA, and vgaB. 
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Resistant bacteria concentrations were significantly higher during June-August. 
Resistance gene concentrations correlated with manure application timing. 
ermB was positively correlated with E. coli and Enterococcus in only 2017. 
Flowrates showed weak correlations with resistant bacteria and gene concentrations. 
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